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Abstrat.  In this paper the impat of the strength of hyperon-nuleon and hyperon-hyperon
on the maximum neutron star mass is shown. The strong hyperon-hyperon oupling onstant
together with the additional nonlinear meson interation terms lead to the essential softening
of the equation of state and to the existene of another more ompat branh of stable neutron
star ongurations. The analysis of the mass-radius relations leads to the onlusion that the
additional stable ongurations of hyperon-rih neutron stars are haraterized by the redued
value of radii.
The theoretial framework employed in this paper is the relativisti nulear mean eld
theory extended by allowing for additional non-linear meson ouplings. The hiral eetive
Lagrangian proposed by Furnstahl, Serot and Tang (FST) [1℄, [2℄ onstruted on the basis
of the eetive eld theory and density funtional theory for hadrons gave in the result the
extension of the standard relativisti mean eld theory and introdued additional non-linear
salar-vetor and vetor-vetor self-interations. This Lagrangian in general inludes all non-
renormalizable ouplings onsistent with the underlying symmetries of QCD. Applying the
dimensional analysis of Georgi and Manohar [3℄, [4℄ and the onept of naturalness one an
expand the nonlinear Lagrangian and organize it in inreasing powers of the elds and their
derivatives and trunated at given level of auray [5℄. If the trunated Lagrangian inludes
terms up to the forth order it an be written in the following form
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ΨTB = (ψN , ψΛ, ψΣ, ψΞ). The ovariant derivative Dµ is dened as
Dµ = ∂µ + igωBωµ + igφBφµ + igρBI3Bτ
aρaµ (2)
whereas Raµν , Ωµν and φµν are the eld tensors. mB denotes baryon mass whereas mi (i =
σ, ω, ρ, σ∗, φ) are masses assigned to the meson elds, M is the nuleon mass. In the high
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density regime in neutron star interiors when the Fermi energy of nuleons exeeds the hyperon
masses hyperons are expeted to emerged due to the strangeness hanging interations [6℄,
[7℄, [8℄, [9℄, [10℄. The appearane of these additional degrees of freedom and their impat on
a neutron star struture have been the subjet of extensive studies. In order to reprodue
attrative hyperon-hyperon interation two additional hidden-strangeness mesons, whih do
not ouple to nuleons, have been introdued, namely the salar meson f0(975) (denoted as
σ∗) and the vetor meson φ(1020) [11℄.
Due to the fat that the expetation value of the ρ meson eld is an order of magnitude
smaller than that of ω meson eld, the Lagrangian funtion (2) does not inlude the quarti ρ
meson term. In addition, as this paper deals with the problem of innite nulear matter the
terms in the original Lagrangian funtion (see [1℄, [2℄) involving tensor ouplings and meson
eld gradients have been exluded. There are two parameter sets presented in the original
paper by Furnstahl et al [1℄, [2℄ G1 and G2 whih have been determined by alulating nulear
properties suh as binding energies, harge distribution and spin-orbit splitting for a seleted
set of nulei [12℄. For the purposes of this paper two parameter sets have been hosen: the
G2 parameter set and the extended TM1 parameter set denoted as TM1∗. The latter one
onstruted by Del Estal et al [13℄ represents the standard TM1 parameter set supplemented
with additional nonlinear ouplings stemming from the eetive eld theory. Calulations
performed with the TM1∗ parameter set properly reprodue properties of nite nulei. Both
parameter sets G2 and TM1∗ make it possible to ompare the obtained results with the
Dira-Bruekner-Hartree-Fok (DBHF) alulations for nulear and neutron matter above
the saturation density. The DBHF method results in a rather soft equation of state in the
viinity of the saturation point and for higher densities. Calulations performed on the basis
of the eetive FST Lagrangian with the use of the G2 and TM1∗ parameter sets predit
similar, soft equation of state.
The theoretial desription of strange hadroni matter properties is given within the relativisti
mean eld approximation. In this approximation meson elds are separated into lassial
mean eld values and quantum utuations whih are not inluded in the ground state. In
the ase of a hyperon-rih matter the onsidered parameterization has to be supplemented
by the parameter set related to the strength of the hyperon-nuleon and hyperon-hyperon
interations. The salar meson oupling to hyperons an be alulated from the potential
depth of a hyperon in the saturated nulear matter. Assuming the SU(6) symmetry for the
vetor oupling and determining the salar oupling onstants from the potential depths, the
hyperon-meson ouplings an be xed.
The strength of hyperon oupling to strange meson σ∗ is restrited through the following
relation [10℄ U
(Ξ)
Ξ ≈ U
(Ξ)
Λ ≈ 2U
(Λ)
Ξ ≈ 2U
(Λ)
Λ . whih together with the estimated value of
hyperon potential depths in hyperon matter provides eetive onstraints on salar oupling
onstants to the σ∗ meson. The urrently obtained value of the U
(Λ)
Λ potential at the level of 5
MeV [14℄ permits the existene of additional parameter set [15℄ whih reprodues this weaker
ΛΛ interation. Throughout this paper this parameter set is referred to as weak, whereas
strong denotes the stronger ΛΛ interation for U
(Λ)
Λ ≃ 20 MeV [11℄. In the nuleon setor
the saturation properties of nulear matter namely the saturation density ρs, binding energy
Eb, ompressibility K and Dira eetive nuleon mass meffN = M − gσNσ determined for
the given parameter sets. Neutron star matter is onsidered as a system with onserved
baryon number nb =
∑
B nB (nB = k
3
B/3pi
2
denotes the number density of speies B, B =
n, p,Λ,Ξ−,Ξ0) and eletri harge being in hemial equilibrium with respet to weak deays.
In general, weak proesses for baryons an be written in the following form B1+ l↔ B2 where
B1 and B2 are baryons, l denotes lepton. Provided that the weak proesses stated above take
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Table I  Chosen parameter sets.
mσ gσN gωN gρN η1 η2 ηρ ζ0 κ3 κ4
G2 520.25 10.496 12.76 9.48 0.65 0.11 0.39 2.64 3.247 0.63
TM1
∗
511.20 11.22 14.98 10.00 1.1 0.1 0.45 3.6 2.513 8.97
plae in thermodynami equilibrium the following relation between hemial potentials an be
established µB = qBµn−qeBµe. This relation involves two independent hemial potentials µn
and µe orresponding to baryon number and eletri harge onservation, µB denotes hemial
potential of baryon B with the baryon number qB and the eletri harge qeB . The baryon
eetive mass is dened asmeffB = mB−gσBσ0−gσ∗Bσ
∗
0 . Thus the β equilibrium onditions
for Λ, Σ and Ξ hyperons lead to the following relations:
µΛ = µΣ0 = µΞ0 = µn, µΣ− = µΞ− = µn + µe, µp = µΣ+ = µn − µe. (3)
The onditions of harge neutrality and β-equilibrium imply the presene of leptons whih
are introdued as free partiles. Muons start to appear in neutron star matter in the proess
e− ↔ µ− after µµ has reahed the value equal to the muon mass. The appearane of muons
not only redues the number of eletrons but also aets the proton fration.
Solving the hydrostati equilibrium equation of Tolman, Oppenheimer and Volkov, whih
allows one to onstrut theoretial model of a neutron star and to speify and analyze its
properties, demands the speiation of the equation of state. In Fig.1 the pressure of a
neutron star matter as a funtion of the energy density for the TM1 and TM1∗ parameter
sets has been presented. This gure inludes results for the strong and weak Y −Y interations.
For omparison the equations of state for the matter with zero strangeness has been inluded.
Dashed urves represent the equations of state obtained for neutron star matter without
hyperons. The parameter set TM1∗ leads to more soft equation of state than the TM1 one.
This softening is aused by the presene of additional nonlinear ouplings. In general the
inlusion of hyperons softens onsiderably the equation of state at high densities. This eet
is maximized in the ase of strong Y −Y interation and by adding nonlinear terms. The form
of the equation of state has profound onsequenes for the maximum mass of a neutron star.
Solutions of the Oppenheimer-Tolman-Volkov equation for the onsidered equations of state
are presented in Fig. 4. The obtained mass-radius relations are onstruted for neutron star
matter with hyperons and ompared with the mass-radius relation for non-strange matter.
The analysis has been done for the ordinary TM1 parameter set [16℄ and for TM1∗. The TM1
parameter set gives larger masses than the TM1∗ one. However, the key dierene between
the TM1 and TM1∗ mass-radius diagrams lies in the results obtained for the strong hyperon-
Table II  Strange salar setor parameters.
gσΛ gσΞ gσ∗Λ gσ∗Ξ
G2 weak 6.410 3.337 3.890 11.643
strong 6.410 3.337 7.931 12.458
gσΛ gσΞ gσ∗Λ gσ∗Ξ
TM
∗
weak 6.971 3.583 5.526 13.450
strong 6.971 3.583 9.069 14.394
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Figure 1  (olor online) The equation of state alulated for TM1 and TM1
∗
parameter sets. Dotted
urves represent the results obtained for TM1 parameter set. The inuene of hyperons is onsidered
for the weak and strong Y − Y interations. The ase of non-strange baryoni matter is marked by
npe. Dashed urves show the quark matter equations of state obtained for two xed values of the
bag parameter: B1/4 = 150 MeV and B1/4 = 171 MeV (Bcrit)
hyperon interation. In this ase for TM1∗ parameter set besides the ordinary stable neutron
star branh there exists the additional stable branh of solutions whih are haraterized by
a similar value of masses but with signiantly redued radii. For the purpose of this paper
A denotes the maximum mass onguration of the ordinary neutron star branh whereas B
the additional maximum. The omparison of the maximum mass ongurations obtained for
the weak and strong Y −Y interations makes it possible to estimate the role of the hyperon-
hyperon ouplings strength. The strong model gives the redued value of the maximum
mass. The redution is of the order of 0.1-0.2 M⊙. The inuene of the strength of the
hyperon-nuleon ouplings has been analyzed for a very limited range of the gσΛ parameter
stritly onneted with the value of the potential felt by a single Λ in saturated nulear
matter. The hosen values of the potential are: -27 MeV, -28 MeV, -30 MeV. This leads to
the following gσΛ parameters: 9.203, 9.158, 9.069. As it was stated, the additional nonlinear
meson-meson interation terms and the strong hyperon-hyperon interation reate neessary
onditions for the existene of the seond branh of stable neutron star ongurations. For
the ordinary neutron star ongurations the well known results has been obtained i.e.the
weaker the oupling gσΛ the lower is the value of the maximum mass. However, for the
additional branh the analysis of the mass radius relation Fig.4 gives the opposite result.
Similar onlusions an be drown from Fig.2. In this gure the mass as a funtion of the
entral density is depited. Partiular urves are labelled by the three hosen values of the
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Figure 2  (olor online) The mass-entral density relation. The left panel shows results for the
ordinary TM1 parameter set whereas the right panel presents the mass-radius relation for the TM1
∗
parameter set.
U
(N)
Λ potential. The omposition of hyperon star matter as well as the threshold density
for hyperons are altered when the hyperon-hyperon interation strength is hanged. Fig. 3
presents frations of partiular baryon speies YB as a funtion of the density ρ for the strong
model of the TM1∗ parameterization. At very low density neutrons and protons are the
most abundant baryons. The rst strange baryon that emerges is Λ and is followed by Ξ− and
Ξ0. The maximum mass onguration A resembles an ordinary neutron star predominantly
omposed of nuleons. Hyperons (Λ and Ξ0) appear in the innermost part of the star. The
appearane of the new branh on of stable solutions on the mass-radius diagram makes it
possible to exist more dense stars with inreased onentrations of hyperons. The appearane
of Ξ− hyperons at higher densities through the ondition of harge neutrality aets the lepton
fration and auses a drop in their ontents. Thus the presene of harged hyperons permits
lower lepton ontent and in the ase of the additional stable branh objets harge neutrality
tends to be guaranteed without lepton ontribution. The properties of strange neutron stars
has been studied with the use of the improved TM1 parameter set whih inlude additional
nonlinear oupling stemming from the eetive eld theory. This parameter set in the strange
setor has been supplemented by parameters that are related to the strength of the of hyperon-
hyperon and hyperon-nuleon interations. The impat of the strength of hyperon interations
on neutron star masses has been analyzed. This analysis shows that there exists very strong
orrelation between the value of the maximum neutron star mass and the strength of hyperon
oupling onstants. The inlusion of additional nonlinear meson interation terms whih
modify the high density behavior of the equation of state together with the strong hyperon-
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Figure 3  (olor online) Baryon and lepton onentrations in neutron star matter as a funtion of
density ρ (ε = ρc2 ) where ε denotes the energy density.
hyperon interation lead to the existene of additional stable stellar ongurations with similar
masses and smaller radii than an ordinary neutron star. The redution in radius is of the order
of 2.5 km. The internal omposition of this additional neutron star ongurations is almost
ompletely free of leptons. Transmutation similar to the phase transition from the ordinary
neutron star to the more ompat hyperstar may be the main origin of the short gamma ray
burnst [17℄.
In order to omplete the analysis of the existene of the very ompat, hyperon rih stars
(hyperstar), the onditions under whih the ourrene of quark matter and the formation
of stable ongurations of hybrid stars have to be established. Two phases of matter have
been ompared: the strange hadroni matter and quark matter. The phase with the highest
pressure (lowest free energy) is favored. In Fig.1 the equation of state of the quark matter
obtained with the use of the quark mean eld model [19℄ with the diret oupling of the bag
parameter to the salar meson elds σ0 and σ
∗
0 , is also inluded. The results strongly depend
on the value of the bag parameter. There exists the limiting value of B
1/4
crit = 171 MeV, for
B > Bcrit there is no quark phase in the interior of a neutron star. The bag parameters
B < Bcrit lead to the intersetion of the quark matter equation of state and that of hyperon
star matter with the strong Y − Y interations. Thus a hybrid star with a quark phase inside
an be onstruted. The obtained mass-radius relation for hybrid stars involving quark matter
is presented in the right panel of Fig.4 (for B1/4 = 150MeV < B
1/4
crit). The maximum hybrid
star mass is of about 1.52M⊙ and is greater than the maximum mass of the very ompat
additional stable branh ongurations (B). The radius of the hybrid star maximum mass
onguration is also greater than that of the onguration marked as B.
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Figure 4  (olor online) The mass-radius relation for the TM1* parameter sets.
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